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Clarification of the details of the interface structure between liquids and solids is crucial for under-
standing the fundamental processes of physical functions. Herein, we investigate the structure of the
interface between tetraglyme and graphite and propose a model for the interface structure based on
the observation of frequency-modulation atomic force microscopy in liquids. The ordering and dis-
torted adsorption of tetraglyme on graphite were observed. It is found that tetraglyme stably adsorbs
on graphite. Density functional theory calculations supported the adsorption structure. In the liquid
phase, there is a layered structure of the molecular distribution with an average distance of 0.60 nm
between layers. Published by AIP Publishing. https://doi.org/10.1063/1.4996226
I. INTRODUCTION
The nature of the interface between organic liquids and
solid surfaces is an important factor affecting the charac-
teristic functions, such as charge transfer at the electrodes,
friction, catalysis, and biology.1–4 The molecular structure at
the interface significantly influences these functions.1–4 For
example, in electrochemical reactions on the electrodes, sol-
vent molecules and ions are aligned at the electrode surface,
forming electric double layers.5 The structure of the electric
double layer affects the electrochemical reactions.5 However,
the electric double layers have not been well investigated yet.
It is evident from the example of the electric double layers
that the clarification of the interface structure is essential for
improving the functionality.
To understand the nature of the interface, a number of
experimental observations of the interface structure have been
performed.6–20 The interface between organic liquids and solid
surfaces is referred to as a buried interface, and the analyt-
ical techniques for observing this interface are limited. To
observe the interface between organic liquids and solids, the
X-ray and neutron techniques have been widely used.6–11 In
addition to these techniques, recent developments in scan-
ning probe microscopy (SPM) have uncovered new aspects
of the interface by directly observing the interface struc-
ture.12–17 Experimental techniques of SPM have been devel-
oped and employed to analyze the physical properties of solid
surfaces in ultra-high-vacuum experiments.21–28 Recently,
frequency-modulation atomic force microscopy (FM-AFM)
a)Author to whom correspondence should be addressed: minato.taketoshi.
5x@kyoto-u.ac.jp. Tel.: +81-75-383-7220.
has been developed to clarify the nature of the interface
between liquids and solids.12–15,29–35 In this technique, a
highly resolved lateral image of the surface structure of the
interface can be produced. Additionally, by monitoring the
force on a cantilever as a function of the tip–surface dis-
tance, the density distribution of molecules is reflected onto
the force–distance curve. Using this technique, the structure
of the liquid–solid interface has been clarified.12–15,29–35
Recently, rechargeable batteries have attracted increasing
attention due to the expansion of the application to electric
vehicles, factories, and storage of renewable energy.36–40 In
rechargeable batteries, the reaction at the interface between
the electrode and electrolyte has a strong impact on the bat-
tery performance.8–11,46–49 Lithium-ion battery is a type of a
rechargeable battery that is widely used because of its high
energy density.8–11,36–40 Graphite and tetraglyme (Fig. 1) are
widely investigated in lithium-ion batteries as the electrode
material and organic solvent, respectively.47–56 Understanding
the structure of the interface between tetraglyme and graphite
is essential for developing a lithium-ion battery with improved
performance. However, much is still unknown about this inter-
face due to the lack of direct observation via microscopic
techniques.
In this research, we employed FM-AFM to observe the
structure of the interface between tetraglyme and graphite.
The adsorption structure of tetraglyme on the graphite sur-
face has been clearly investigated using this technique.
Additionally, we observed the molecular structure of the liq-
uid phase at the interface. We found that a layered struc-
ture of tetraglyme was formed on graphite. The interface
structure was also investigated by using density functional
theory (DFT) calculations in order to clarify the atomic
alignment at the interface. The resulting structure would be
0021-9606/2017/147(12)/124701/6/$30.00 147, 124701-1 Published by AIP Publishing.
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FIG. 1. Molecular structure of tetraglyme. The gray, white, and red balls
represent the carbon, hydrogen, and oxygen atoms, respectively.
useful to understand the reaction at the interface between the
electrolyte and electrode in rechargeable batteries, enabling
the development of rechargeable batteries with improved
performance.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
We used highly oriented pyrolytic graphite (HOPG) as the
model for the graphite electrode and cleaved the HOPG (Pana-
sonic) substrate before the experiments, which was followed
by preparation of the surface by depositing 25 µl of tetraglyme
(water concentration was less than 20 ppm) on the cleaved
HOPG surface. FM-AFM experiments were performed using
a microscope compatible with SPM-8000FM (Shimadzu). A
silicon cantilever coated on the back with gold (PPP-NCH,
Nanosensors) was used in the experiments. The oscillation fre-
quency and amplitude of the cantilever during the experiments
were 92 kHz and 0.3 nm, respectively. The lateral and verti-
cal displacements of the piezoelectric scanner were calibrated
using images of mica and HOPG. The observed distance in the
lateral and vertical directions was averaged at least 128 data.
The error bar of the measured distance was calculated from the
standard deviation of the data. Throughout the experiment, the
temperature was fixed at 298 K under Ar atmosphere to avoid
dissolving the contaminants from air that affect the interface
structure.57
DFT calculations were performed in accordance with
the code DMol3 of Dassault Systemes BIOVIA.58,59 The
exchange-correlation energy function was represented by the
Perdew–Burke–Ernzerhof (PBE) formalism.60 In the calcula-
tion, dispersion-corrected DFT (DFT-D) methods were used.
The DFT-D calculations were performed using the Tkatchenko
and Scheffler (TS) method.61 TS correction exploits the rela-
tionship between polarizability and volume and thus accounts
to some degree for the relative variation in dispersion coeffi-
cients of differently bonded atoms. The Kohn–Sham equa-
tion was expanded in a double-numeric quality basis set
(DNP) with polarization functions. Self-consistent field (SCF)
procedures were performed to obtain well-converged geo-
metrical and electronic structures at a convergence crite-
rion of 106 a.u. The energy, maximum force, and maxi-
mum displacement convergence were set to 106 Ha, 0.002
Ha/Å, and 0.005 Å, respectively. The HOPG substrate is
modeled with four layers of graphite. The position of the
atoms at the bottom of the two layers was fixed during
the optimization. The unit cell size for the calculation was
2.56 nm× 1.97 nm× 4.33 nm with 3.00 nm of vacuum layer.
The adsorption energy of tetraglyme Ea on HOPG was
calculated using the formula
Ea = E(tetraglyme/HOPG) − [E(tetraglyme) + E(HOPG)],
FIG. 2. The ordered structure observed in the topographic image at∆f = 1000
Hz, which was obtained in the tetraglyme/highly oriented pyrolytic graphite
(HOPG) interface structure. The frequency and amplitude of the cantilever
oscillation are 92 kHz and 0.3 nm, respectively.
where E(tetraglyme), E(HOPG), and E(tetraglyme/HOPG)
are total energies of the free molecules, HOPG without
adsorbates, and HOPG with adsorbed tetraglyme, respec-
tively.
III. RESULTS AND DISCUSSION
The lateral structure of the interface between tetraglyme
and HOPG (tetraglyme/HOPG interface) was investigated by
FM-AFM. Figure 2 shows a typical topographic FM-AFM
image in tetraglyme/HOPG obtained using lateral scanning.
The frequency shift ∆f of the cantilever was maintained at
1000 Hz during scanning. The linear and ordering structure
of protrusions was observed with a periodic distance of 0.62
(±0.08) nm. This image was found to be totally different
from the FM-AFM image of a HOPG surface.62 This sys-
tem only comprises tetraglyme and HOPG. The observed
protrusions were assumed to result from the ordered struc-
ture obtained when tetraglyme was adsorbed onto the HOPG
substrate. We further increased ∆f to observe the HOPG sur-
face by approaching the cantilever; however, no different
features were observed from Fig. 2. This suggests that the
adsorption of tetraglyme is stable, i.e., the cantilever can-
not penetrate into tetraglyme adsorbed on HOPG. Using a
method proposed by Sader and Jarvis,63 the force on the
tip F was calculated from ∆f. The calculated F value for
∆f = 1000 Hz in our experimental condition was approxi-
mately 700 pN. This force is higher than that in other liq-
uids on HOPG, such as water/HOPG (less than 100 pN61)
and 1-decanol/HOPG (less than 120 pN64) in previous
reports.
In addition to the ordered structure, a distorted U-shaped
protrusion (Fig. 3) was observed in the FM-AFM image
with lateral scanning. The length of the protrusion is around
FIG. 3. A distorted structure observed in the topographic image at ∆f = 1000
Hz, which was obtained in the tetraglyme/HOPG interface structure. The fre-
quency and amplitude of the cantilever oscillation are 92 kHz and 0.3 nm,
respectively.
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FIG. 4. Optimized adsorption structure of tetraglyme with linear structure on
HOPG. (a) Top view and (b) cross-sectional view. The gray, black, white,
and red balls represent carbon in tetraglyme, carbon in HOPG, hydrogen, and
oxygen, respectively.
1.70 nm, nearly identical to that between the ends of the car-
bon chain in a tetraglyme molecule (1.74 nm in our calculation,
Fig. 1). The distorted protrusion is interpreted as tetraglyme
adsorbed in a distorted structure. The distorted adsorption of
tetraglyme on graphite was previously proposed by McLean
et al.65
The adsorption structure of tetraglyme on HOPG was
also investigated by DFT calculations. In the unit cell of
the calculation, three tetraglyme molecules are placed on
an area of 2.56 nm × 1.97 nm. Figure 4 shows the opti-
mized adsorption structure of the system containing tetraglyme
adsorbed on HOPG which is determined by the DFT calcula-
tions. The average distance between each tetraglyme molecule
in the structure is 0.65 nm, which is close to the distance
between the protrusions observed in the lateral FM-AFM
image (0.62 nm in Fig. 2). This supports the interpretation
that the protrusion in the FM-AFM image (Fig. 2) is caused
by tetraglyme molecules adsorbed on HOPG. The calculated
adsorption energy of one tetraglyme molecule was estimated to
be 1.80 eV. The adsorption energy is higher than that reported
for other linear organic molecules on carbon materials (0.21–
0.55 eV66), suggesting a stable adsorption of tetraglyme on
HOPG. The stable adsorption in DFT calculations matches
well with the experimentally observed stable adsorption
(observed a higher F value than others) of tetraglyme on
HOPG.
We also investigated the distorted adsorption of
tetraglyme on HOPG by DFT calculations. Figure 5 shows
the optimized structure of a tetraglyme molecule adsorbed on
HOPG with a distorted structure. This structure was obtained
with an adsorption energy of 1.78 eV. The calculated structure
FIG. 6. Cross-sectional ∆f distribution in the tetraglyme/HOPG interface
structure. The amplitude of the cantilever oscillation is 0.3 nm. The cantilever
approached the surface until ∆f reached 1000 Hz.
of tetraglyme on HOPG is similar to the structure of the protru-
sion in FM-AFM (Fig. 3), suggesting that the protrusion in the
FM-AFM image is caused when a single tetraglyme molecule
was adsorbed on HOPG.
To analyze the molecular structure around the interface
in the liquid phase, the ∆f value of the cantilever oscillation
with cross-sectional scan was monitored. The oscillating can-
tilever was vertically scanned from the bulk of the liquid to
HOPG until ∆f reached to 1000 Hz. When ∆f = 1000 Hz,
the cantilever was retracted from the surface toward the liquid
bulk. The limits of ∆f equals the set point of lateral scan-
ning, i.e., the laterally scanned surface (Figs. 2 and 3) corre-
sponds to zero distance in vertical scanning. The ∆f value was
recorded as a function of the vertical coordinate. By repeating
the vertical scans, a ∆f distribution around the interface was
obtained. A positive shift represents a repulsive force on the
cantilever.
Figure 6 shows the vertical distribution of ∆f during the
retraction of the cantilever to the liquid bulk. The positive
∆f value is shown in the bright area in Fig. 6. The modula-
tion of ∆f in the liquid was observed. Four bright layers were
observed in the image. The alternate appearance of the bright
and dark layers indicates the formation of a layered structure,
which is caused by tetraglyme in the liquid phase. On aver-
age, the distance between the bright rows is 0.60 nm. The
∆f modulation in the vertical scan showed the same tendency
when the cantilever retracted from and approached the sur-
face (Fig. S1 of the supplementary material), implying that
the observed behavior was not caused by the scanning of the
cantilever.
FIG. 5. Optimized adsorption structure of distorted
tetraglyme on HOPG. (a) Top view and (b) cross-sectional
view. The gray, black, white, and red balls represent
carbon in tetraglyme, carbon in HOPG, hydrogen, and
oxygen, respectively.
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FIG. 7. Averaged vertical ∆f -distance
(a) and converted force–distance
(b) curves obtained in the
tetraglyme/HOPG interface struc-
ture. The amplitude of the cantilever
oscillation was 0.3 nm. The cantilever
approached the surface until ∆f reached
1000 Hz.
Figure 7(a) shows the averaged ∆f -distance curve in ver-
tical scanning. In addition to the three peaks observed in the
cross-sectional image (Fig. 6), more peaks were observed
in the curve. The average distance between the peaks was
0.60 (±0.09) nm, which matches well with the distance in
the layer structure in Fig. 6. The experimentally observed
∆f value was converted to F using a method proposed
by Sader and Jarvis.63 Figure 7(b) shows the converted F-
distance curve. Similar to ∆f, the F curve showed peaks
and troughs that were 0.60 nm apart. Assuming that the
tip is coated with solvent molecules using a statistical–
mechanical approach, we conclude that the increased den-
sity of the molecules results in a greater force to the can-
tilever.67 The peaks in ∆f would be due to the high-density
tetraglyme molecules. The vertical ∆f observation showed
that tetraglyme molecules exist in a layered structure on the
HOPG surface with an interlayer distance of 0.60 nm on
average.
Based on the FM-AFM images obtained via lateral and
vertical scanning and DFT calculations, we proposed a model
for the structure at the tetraglyme/HOPG interface, as shown
in Figs. 8(a) and 8(b). Tetraglyme molecules were found to
adsorb on the HOPG surface with a linearly ordered structure.
Moreover, the adsorption of tetraglyme on HOPG was found
to be stable. In addition, when tetraglyme was adsorbed on
HOPG, its structure was distorted (Figs. 3 and 5). In the liquid
phase, the existing probability of tetraglyme molecules has a
layered structure around the interface with an average repeat
distance of 0.60 nm. The average width of the tetraglyme
layer was nearly identical to that found in previous reports,
which had a layer distance of 1-decanol on HOPG.62 This
suggested that the van der Waals forces between the linear
chains in the molecules determine the distance of the layered
structure.
As described above, the FM-AFM measurements and
DFT calculations suggest that tetraglyme molecules are stably
adsorbed onto HOPG. This suggests that tetraglyme would
also stably adsorb on a graphite electrode in a lithium-
ion battery. The electrolyte–electrode interface has a strong
impact on the battery performance.8–11,36,37,41–50,68–70 The
influence of the adsorbates or coating materials on the per-
formance of a graphite electrode in lithium-ion battery is
well known.47–49,53–55,71,72 If tetraglyme (or layered materi-
als caused by the decomposition of tetraglyme) adsorbed on
graphite could smoothly pass lithium ions, it would improve
the cyclic performance of the battery as a protection layer.
However, if tetraglyme adsorbed on graphite does not pass
lithium ions, it would suppress the battery performance.
Although the surface structure of a graphite electrode in a
lithium-ion battery is expected to have an edge plane that
is different from the surface of HOPG in this study, the
adsorption of tetraglyme on the edge plane is expected to
show more stability than adsorption onto the basal surface
of HOPG. This is because the edge plane generally has a
higher reactivity toward an organic electrolyte than the basal
plane.73 Thus, a significant influence on the battery perfor-
mance would be expected on the edge plane of the graphite
electrode.
FIG. 8. Schematics of the (a) top structure and (b) cross-
sectional structure at the tetraglyme/HOPG interface. The
molecular structure of tetraglyme is simplified for clarity.
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IV. CONCLUSIONS
The interface structure of tetraglyme/HOPG was inves-
tigated using FM-AFM and DFT calculations, and the dis-
torted adsorption of tetraglyme was clarified. The adsorbed
tetraglyme forms a linear and ordered structure on HOPG.
The FM-AFM experiments and DFT calculations suggest that
the adsorption of tetraglyme on HOPG is stable. In addition,
the tetraglyme in the liquid phase around the interface forms a
layered structure with an average separation of 0.60 nm. These
new insights will contribute to the development of lithium-ion
batteries.
SUPPLEMENTARY MATERIAL
See supplementary material for the averaged vertical
∆f -distance obtained in tetraglyme/HOPG when the can-
tilever is approaching and retracting from the surface,
respectively.
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